In the framework of the ITER (International Thermonuclear Experimental Reactor) FEAT (Fusion Energy Advanced Tokamak) project, a fully superconducting PF (Poloidal Field) system has been designed in detail. The Central Solenoid and the 6 equilibrium coils constituting the PF system provide the magnetic fields which develop, shape and control the 15 MA plasma during the 1800 s of a typical plasma scenario. The 6 PF coils will be wound two-in-hand from a 45 kA niobium-titanium CICC (Cable-In-Conduit-Conductor). These coils will experience severe heat loads specially during the 400 s of the plasma burn: nuclear heating due to the 400 MW of fusion power, thermal radiation and AC losses (30 to 300 kJ). The AC losses along the PF coil pancakes are deduced from accurate magnetic field computations performed with a 3D magnetostatic code, TRAPS. The nuclear heating and the thermal radiation are assumed to be uniform over a given face of the PF coils. These heat loads are used as input to perform the thermal and hydraulic analysis with a finite element code, GANDALF. The temperature increases (0.1 to 0.4 K) are computed, the margins and performances of the conductor are evaluated.
INTRODUCTION
The 6 PF coils of ITER FEAT Reactor (FIGURE 1) are manufactured in double pancakes of a thick-wall stainless steel square conductor, which provides the main structural material [1] . The PF coils are subject to pulsed loads with large variations of field within each machine cycle and they have to withstand safely all operational conditions, including plasma disruptions and fast discharges. The PF coils are designed based on a redundancy philosophy which allows the PF coil to operate with full current in case of a failure of one of the double pancakes. The PF coils are wound in separate modules and two-in-hand from a 45 kA NbTi Cable In Conduit Conductor (FIGURE 2) with 6 sub-cables arranged around a central cooling channel. 
SIMULATION MODEL AND CONDITION
In the following, main attention has been paid to coil PF6 which experiences the highest field and therefore takes advantage of NbTi at its limits. The scenario taken into account is referenced as No2 scenario.
NbTi Choice For The PF Coils
By using NbTi superconductor, cooled by supercritical helium, a substantial cost compared to Nb 3 Sn is saved and the elimination of a reaction heat treatment greatly simplifies the insulation of such large diameter coils. In the framework of the PF Coils design and R&D activity, current density variations with magnetic field and temperature were investigated [2] for two candidate strands (Alstom and Europa Metalli) and correlated to the classical NbTi scaling laws. A precise J c correlation is useful for determination of the electromagnetic characteristics, specially the current sharing temperature T cs and the ∆T margin we want to evaluate. According to these recent studies a more realistic critical temperature has been used in the model : Tc=6.85 K instead of Tc=7.17 K at 5 T as specified in ITER-FEAT design.
Total PF Coils Losses : AC Losses, Nuclear Heating And Thermal Radiation In The Conductor And Joule Heating And AC Losses In The Joint
Operation of the PF Coils according to scenario N°2 (FIGURE 3) are presented. PF6 operates at the highest field values with a maximum induction of 5.65 T and a maximum current of 40 kA (FIGURE 4). 
AC Losses
For this calculation [3] the coupling current time constant (nτ) has been taken equal to 50 ms and the effective diameter for hysteretic losses has been taken equal to 5µm. The PF6 Coil sees during the 1800s of plasma scenario N°2, the maximum energy deposition compared to the other PF Coils ; this energy amounts to 3.44 and 110 kJ for coupling losses and 6.15 and 197 kJ for hysteretic losses, respectively for one conductor of the twoin-hand regular PF6 coil pancake and for the whole PF6 coil.
Nuclear Heating
Nuclear heating in the PF coils is concentrated on the coils facing the 3 main access ducts. The heat will be assumed to be all deposited in the top and/or bottom pancake or in the inner layer of conductors. The total nuclear heating on PF coils amounts to 395 W and the total nuclear heating on the magnet system (including the Central Solenoid and the Toroidal Field systems) is then 14.1 kW. On the PF6 Coil, the total energy deposition over scenario N°2 is 6 kJ. The total heat for each of the coil faces is as follows: 
Thermal Radiation
Heat loads due to thermal radiation from the thermal shields or due to thermal conduction through the supports are considered as steady state heat loads for the analysis. The thermal radiation on the PF coils supports amounts to 1.1 kW and the heat radiated on the protective case in between the PF coils supports is distributed as shown in TABLE 2. For conductor thermal-hydraulic analysis purpose, it is assumed that 10% of this heat goes to the PF coils. On the PF6 Coil, the total energy deposition over scenario N°2 is 28.8 kJ.
Joule Heating And AC Losses In The Joint
The heat deposition in the joint (L joint = 0.5 m) depends on the joint resistance r(t) [4] , the magnetic field B(t) and the current I(t). FIGURE 9 presents the total energy deposition in the joint including the AC losses and the resistive losses as presented in [5] . FIGURE 10 presents the different sources of power deposition along the PF6 regular pancake conductor.
The Thermal-Hydraulic Simulation Model And The External Cooling Circuit Model
The complexity of the real thermal-hydraulic circuit is such that we have chosen to model and simulate only one flow path in detail by flow simulator (GANDALF, FLOWER) [6, 7] : one of the two-in-hand conductor chosen as the representative winding. The 1-D model consists of a maximum of four independent components at different thermodynamic states : the strands, the conduit, the bundle helium and the hole helium.
The detailed time and space distributions of all the losses are used as input. The magnetic field distribution and operating electric current are defined by the chosen test scenario. The heat exchange between pancakes and between adjacent conductors of the same pancake is not taken into account. Operating conditions are summarised in TABLE 3 [8] and parameters of PF conductor are given in [9] and in TABLE 4. The connection of the PF6 coil conductor to the cryoplant is as shown in FIGURE 11. The conductor is cooled by 4.6 K and 0.6 MPa supercritical He in a closed circulation loop with an imposed pressure at the outlet of the conductor (maintained by a relief reservoir). Under normal pulse operating conditions, there is no helium flow in or out of this loop. Parameters (technical data) of cryoplant and components (pipes, pumps, heat exchangers, reservoir and valves) are listed in TABLE 5. 
SIMULATION RESULTS AND DISCUSSION
With the operating conditions (TABLE 3), the initial supercritical helium inlet density is ρ He = 138 kg/m 3 . The total helium mass flow rate in all the PF coils is 1.8 kg/s. TABLE 6 summarises the different mass flow rates m flowing in each parallel conductor (hydraulic length L and helium cross section AHe) of the different coils and the transit time t of helium along the conductor calculated without heat loads from the mass flow rate and average velocity U as follow : U = m / (ρ He .AHe) t = L / U The analysis performed allows estimation of the temperature and pressure rises, the helium flow and the ∆T margin in the N°2 operating scenario. Here are presented the results for a PF6 regular conductor (exactly the 11 th conductor) which sees the maximum magnetic field. Concerning the heat loads, we added to the maximum AC Losses of this particular conductor the nuclear heating load on the top face (TABLE 1, FIGURE 7 ) and the thermal radiation load on the bottom face (TABLE 2, FIGURE 8), supposing these steady loads are transmitted by conduction to the regular pancake studied. This case is very conservative and in reality the load of this pancake is lower. With the previous assumption and taking into account the geometric parameters of the conductor, the pressure and temperature rises are certainly conservative. A negligible pressure rise (nearly 0.1 bar) is observed (FIGURE 12) at the inlet of the conductor. Concerning the temperature (FIGURE 13), a steady state regime is reached from the 3 rd plasma scenario. The peak helium temperature (for both bundle and hole) is observed at the outlet (x=359 m) with a maximum of 4.85K. The pressure and temperature rises are smaller for the other pancakes (typically 4.75 K and less than 0.61 MPa for PF1).
The counter flow heat exchange existing in the joint can not be simulated by GANDALF. The joint behaviour has been checked and been judged acceptable in a previous report [10] assuming a joint inlet temperature of 5K -temperature never reached according to this conductor simulation.
Time dependence of the conductor inlet and outlet mass flow rate is also presented (FIGURE 14) . The mass flow rate is at the nominal value near the inlet of the conductor and is maximum at the outlet; this is due to helium expansion during heating. The expansion is important at the outlet because of helium temperature rise during plasma scenario. The model with relief reservoir introduces an artificial asymmetry between inlet and outlet for the pressure and the mass flow. The current sharing temperature T cs and the critical current density J c are related as follows, where S nonCu is the superconductor cross section, B, T and I the operating magnetic field, temperature and current. The ∆T margin is defined as the difference between the current sharing temperature and the operating temperature [11] . FIGURE 15 shows the evaluation of this parameter : it varies between 2.5 and 4K during plasma scenario and only at the begin of each scenario reaches the minimum value of 1.8K at the inlet of conductor where B is maximum. For the PF1 coil, the ∆T margin is 1.75 K because of the slightly higher current (43 kA). In FIGURE 16, we focus on the 3 rd plasma scenario where the steady state regime is reached with the most critical (minimum) ∆T margin . A very important design criterion of the PF coil is that a ∆T margin of 1.5 K has to be satisfied at any time and in any place of the coil. Such a specification can be checked only after such a thermal-hydraulic analysis taking into account all the input loads.
CONCLUSION
A conservative thermal-hydraulic analysis of the conductor of an ITER-FEAT PF Coil has been performed by combining highest field values and maximum heat loads values (real AC losses on the conductor and maximal thermal radiation and nuclear heating transmitted by conduction). The pressure rise (0.1 bar) and temperature rise (0.4 K) observed during 5 pulses of plasma scenario are limited to acceptable values.
The ∆T margin (difference between current sharing temperature and operating temperature) is higher than 1.8 K. The criteria of 1.5 K is then respected at any time and position in the coil. This subsequently validates the choice of NbTi for all PF Coils, thanks to their lower field. The NbTi content for all the other coils will anyway be checked.
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